Because recent studies have not demonstrated a strong relationship between rodent density and Sin Nombre virus (SNV) seroprevalence, there is speculation that seroprevalence may be related to other factors, including habitat quality and food availability. We evaluated densities of deer mice (Peromyscus maniculatus), plant cover and biomass, and terrestrial arthropod biomass at 2 sites in the southwestern United States to identify factors that may affect the seroprevalence rate of SNV within a rodent population. Seroprevalence differed significantly between years. Although interaction of deer-mouse density, plant cover and biomass, and arthropod biomass was not a strong predictor of seroprevalence (R 2 ϭ 0.64, P ϭ 0.04), we observed a significant contribution to a repeated-measures model by deermouse density (P ϭ 0.02). Our data suggest that as rodent density increases, so does the seroprevalence rate within that population. Although not significantly correlated, we observed the lowest levels of arthropod biomass when seroprevalence was highest. Based on our results, evaluating changes in habitat quality and incorporating measurement of local ecological variables with studies of fluctuations in rodent density may aid in predicting human outbreaks of hantavirus disease.
During the outbreak of hantavirus pulmonary syndrome (HPS) in the spring and summer 1993 in the Four Corners of the United States (NE Arizona, SE Utah, NW New Mexico, SW Colorado), anecdotal reports by local residents suggested that a large increase in the rodent population had preceded the 1st reports of human disease. Studies of rodent populations in central New Mexico also documented an increase in populations of Peromyscus at that time (Parmenter and Vigil 1993) . Sin Nombre virus (SNV), the etiologic agent of HPS, is associated primarily with the deer mouse, P. maniculatus (Childs et al. 1994), which * Correspondent: biggsj@lanl.gov is common in habitats ranging from grasslands to woodlands in the Four Corners (Childs et al. 1995; Mills et al. 1997) . Outbreaks of hantavirus disease among human populations also have been associated with increases in rodent populations in Europe and Asia (Diglisic et al. 1994; Niklasson et al. 1995; Xu et al. 1985; Yanagihara 1990) .
Although human infection may be associated with an increase in rodent populations, studies have yet to demonstrate a correlation between rodent density and seroprevalence (Graham and Chomel 1997; Mills et al. 1997; Otteson et al. 1996) . Seroprevalence is the proportion of individuals within an animal population that test positive for hantavirus antibodies and can be considered a measure of the proportion exposed to or currently infected with hantavirus. The precise mechanism(s) of transmission of SNV in rodents is not known but could include horizontal transmission through biting, cross-grooming, breeding behavior, or inhalation of virus shed in excreta.
Although a strong relationship between rodent density and seroprevalence has not been observed, frequencies of encounters, and therefore physical contact, between individual rodents may depend on the interaction of rodent density and certain habitatrelated variables, including food availability and plant cover. As such, habitat-related variables should be examined to determine their influence on SNV prevalence. Recent studies have suggested that, in addition to rodent density, seroprevalence also may be related to factors such as habitat quality and structure (Abbott et al. 1999; Mills et al. 1997 ) and food sources (Abbott et al. 1999) . It has been hypothesized that an extended El Niño event (1991) (1992) (1993) and the associated heavy precipitation resulted in increased vegetation (cover and food source) or insect biomass (food source) that ultimately lead to a substantial increase in rodent populations (Parmenter and Vigil 1993) .
We evaluated density of deer mouse, plant cover, biomass of terrestrial arthropods, and plant biomass in relation to SNV antibody prevalences among deer-mouse populations in the Four Corners. We tested the ability of a combination of those variables to predict antibody prevalence within a deer-mouse population. (1994) (1995) (1996) (1997) (1998) . We used a trapping web design (Buckland et al. 1993 ) consisting of 12 lines radiating from the center, similar to the spokes of a wheel, with 12 traps in each line and an additional 4 traps in the center of the web for a total of 148 traps (Parmenter et al. 1998 ). The first 4 traps from the center in each line were spaced 5 m apart, and thereafter the spacing was 10 m. Three webs were established at the Gallup site and 4 webs at the Chinle site. Sherman live traps were baited in late afternoon with a molasses-coated horse feed and a dry mixture of peanut butter. Trapping took place for 4-6 consecutive nights until no new captures were recorded within the inner 5 rings of the web. Traps were checked in early morning and then closed during the day to avoid diurnal captures. Animals sampled in 1994, 1995, and 1998 were ear-tagged and released. All incidental kills were submitted to the University of New Mexico Museum of Southwestern Biology (MSB), where species identification was confirmed.
MATERIALS AND METHODS
Following processing in 1996 and 1997, animals were euthanized, frozen, and submitted to MSB for use in future genetically related studies. Eight rodent species were captured and tested at the Gallup sight: deer mouse, piñon mouse (Peromyscus truei), brush mouse (P. boylii), white-throated woodrat (Neotoma albigula), Mexican woodrat (N. mexicana), western har-vest mouse (Reithrodontomys megalotis), silky pocket mouse (Perognathus flavus), and montane vole (Microtus montanus). Six rodent species were captured at the Chinle sight: deer mouse, piñon mouse, brush mouse, white-throated woodrat, Mexican woodrat, and silky pocket mouse. Except for 1 woodrat captured at Gallup, no species other than deer mouse tested positive for SNV during the course of the 5-year study. Density (animals/ha) was estimated using Program Distance (half-normal with cosine adjustment model- Buckland et al. 1993; Laake et al. 1994) . For estimating density, we eliminated the outer ring captures to minimize effect of animals drawn into the web during trapping.
At a centrally located processing station within each study site, all trapped animals were anesthetized with Metofane, and a heparinized capillary tube was used to take a blood sample from the retro-orbital sinus. Following blood extraction, animals were weighed and measured (ear, foot, body, and tail length), and sex and reproductive status were determined. Additional details on the procedures for processing and bleeding animals and the personal protective equipment used in association with the collection of blood samples are described in Mills et al. (1995) and Biggs and Bennett (1995) .
A total of 283 blood samples collected from 1994 through 1998 was tested by western blot using recombinant SNV nucleocapsid antigen (Yamada et al. 1995) . Antigens were derived from the following hantaviruses: SN (3H226), BAY (OP-LA-475), Rio Mamoré (OM-556), Muleshoe (SH-Tx-339), Puumala (P360), and Seoul (80/39).
To compare seroprevalence of deer mice between sites and years, we used a repeated-measures analysis of variance on the Freeman-Tukey double arcsine-transformed mean seroprevalences (Statistical Sciences 1995). Because removal of animals could result in the creation of a dispersal sink, we tested for the effect of removing animals during the course of trapping in 1996 and 1997 using a Wilcoxon signed rank test (Statistical Sciences 1995) to compare mean body weights of male deer mice captured on the 1st night to those captured on the last night. We assumed that as adult mice are removed from the web, male juveniles (as indicated by lower weights) were more likely to move into the trapped-out area (Khrone and Miner 1985) . We performed that analysis on data collected in 1994, 1995, and 1998 when animals were eartagged and released. Arthropod biomass.-The level of physical contact between mice is proportional to availability of limiting resources (Vessey 1987) . Although seeds form a large portion of the deermouse diet, terrestrial arthropods can be important in the diet (Graves et al. 1988; Koehler and Anderson 1991; Millar et al. 1990 ). Therefore, we used biomass of terrestrial arthropods as an index of food availability. Biomass of terrestrial arthropods was estimated using pitfall traps. Twenty-five pitfall traps, spaced 10 m apart, were placed along a line transect in each web at each study location. Each pitfall trap consisted of a 473-ml plastic cup buried in the soil to ground level. The cups were filled with ethylene glycol (MacKay et al. 1988 ) and left open for 4 trapping days. Only ground-dwelling arthropods were used in the analysis. Total mass of arthropods per trap was reported as grams per 100 traps. Data from all 25 pitfall traps within each web were pooled and averaged each year for calculation of total biomass of arthropods.
Plant cover.-Daubenmire plots (0.1 m 2 -Daubenmire 1959) were placed at 3.3-m intervals along 2-4 line transects in each web to measure understory herbaceous cover. Canopy cover of graminoids, forbs, rock, litter, and bare soil was estimated visually in each plot. Total length of each transect was based on a ''speciesarea curve,'' or once a maximum of 330 m was reached for all transects combined within the web. The species-area curve was calculated by plotting the total number of individual plant species recorded along each transect (y-axis) as a function of the total number of plots along the same transect (x-axis). Total length of the transect was considered adequate when the curve became relatively level. Data from all plots along the line transect within each web were pooled and averaged to calculate total percentage cover.
Plant biomass.-Total number of plots to calculate plant biomass varied from year to year and site to site, depending on total length of transects that were used to determine plant cover at each web. Biomass of plant understory was estimated by clipping all plant material to ground level (Pieper 1978) within Ն33% of the 0.1-m 2 Daubenmire plots. Different plots were selected each year, and no plot was clipped more than once during the 4-year study period. All clipped material was bagged, oven-dried at about 40.6ЊC for 24 h, and weighed. Data from all plots within each web were pooled and averaged to calculate total biomass (g dry weight/ m 2 ). Analysis of ecological variable interactions.-A repeated-measures analysis of covariance (ANCOVA) was applied to all possible combinations of variables using seroprevalence (double arcsine transformed) as the response variable, site (Chinle, Gallup) as a main factor, year as the repeated factor, and deer-mouse density (arcsine square root transformed), plant cover (arcsine square root transformed), plant biomass, arthropod biomass, and the site ϫ year interaction as covariates.
We plotted and supersmoothed all ecological variables (mean values by web, site, and year) to visually assess interactions between environmental variables and seroprevalence (Statistical Sciences 1995) . Supersmoothing is a regression technique that estimates a mean for each point by using several points on each side of the original point. To perform this technique, we first ordered seroprevalence observations from the smallest value to the largest value. We identified the ordered values of seroprevalence as the dependent variable and the sequence, 1-35 (number of seroprevalence values), as the independent variable. Next, we ordered arthropod data to match their corresponding observations of seroprevalence. For example, the lowest observation of seroprevalence was web 1 (Chinle, 1996) , which therefore became the 1st arthropod observation. We then smoothed data using the technique described previously. We repeated the process with plant biomass, plant cover, and deer-mouse density.
RESULTS
SNV antibody prevalence.-Hantavirus seroprevalences at Chinle differed slightly from 1994 through 1996, ranging from about 25% to 30%, but it dropped below 10% in 1997 (Table 1 ). The highest seroprevalence recorded at either site was observed at Gallup in 1994 (32.3%), but Gallup values dropped to zero by 1996. We did not observe a difference in SNV seroprevalence in deer mice between Chinle and Gallup (F ϭ 2.39, d.f. ϭ 1, 5, P ϭ 0.18) or between the 2 sites by year (F ϭ 2.20, P ϭ 0.11, d.f. ϭ 4, 20, P ϭ 0.03). However, when combining data from both sites (Table  1) , we observed a difference in seroprevalence between years (F ϭ 3.21, d.f. ϭ 4, 20, P ϭ 0.03). We did not observe significant decreases in body weight of male deer mice between 1st captures and last-night captures during years of removal (P ϭ 0.23) or during years of capture and release (1994, 1995, 1998 ; P ϭ 0.15).
Comparison of ecological variables.-We recorded a higher density of deer mice at Chinle (range, 4.5-10.6 animals/ha) than Gallup (1.3-6.1 animals/ha) each year of sampling (Table 1) . Biomass of terrestrial arthropods was 2-2.5 times higher at Chinle than at Gallup in 1994 and 1995 and similar between the 2 sites in 1996 and 1997 (Table  1 ). In 1998, arthropod biomass was 2 times greater at Gallup compared with Chinle. Plant cover was highest in 1997 and 1998 for Chinle and Gallup. Plant biomass was greatest in 1995 and 1996 at Chinle but lowest during those 2 years at Gallup.
Using seroprevalence as the response variable, we tested for a linear relationship between seroprevalence and ecological variables by developing a repeated-measures ANCOVA model. The site ϫ year and deermouse density covariates contributed (P ϭ 0.01, P ϭ 0.02, respectively) to the overall model when combining all covariates (multiple R 2 ϭ 0.64, d.f. ϭ 13, 21, P ϭ 0.04; Table 2 ). We further analyzed each individual covariate using the same main and repeated factors. Again, deer-mouse density contributed to the model (multiple R 2 ϭ 0.50, d.f. ϭ 10, 24, P ϭ 0.04; Table 2) .
To further examine possible relationships between seroprevalence and remaining variables, we developed a plot of the supersmoothed data from each web and year from both sites (Fig. 1) . Although supersmoothing may result in an exaggeration of an effect, its use can depict general patterns of interactions between measured variables. We observed that seroprevalence tended to be lower when deer-mouse density was low and arthropod biomass was moderate to high. Additionally, arthropod biomass was lowest and deer-mouse density moderate when seroprevalence reached the highest levels.
DISCUSSION
We found a lower level of understory plant cover and higher densities of deer mice at the Chinle site than at the Gallup site. Deer mice are more common on sparsely vegetated sites and areas of open soil surface, which may be related to their consumption of seeds (Kaufman et al. 1988 ). In addition to the lower plant cover, the Chinle site also had a higher arthropod biomass than did the Gallup site. Higher biomass of arthropods may increase food availability and therefore contribute to higher deer-mice densities at the Chinle site.
Our data demonstrate a significant interaction between SNV seroprevalence and deer-mouse density, which is contrary to recent studies (Graham and Chomel 1997; Mills et al. 1997; Otteson et al. 1996) . The fact that we observed an interaction between population density and seroprevalence may be due to the length of our study compared with other efforts (5 years versus 1-2 years). Future studies should incorporate a combination of frequent within-year rodent sampling (once every 1-2 months) over several years to account for variation in environmental factors, such as precipitation, plant growth, and production of arthropods and seeds.
Our study indicated that when arthropod biomass was relatively high, seroprevalence was low, and that when arthropod biomass was low, seroprevalence was high (Fig. 1) . The fact that we did not observe a statistical relationship between these variables may have been due to the large annual variability in seroprevalence reflected in our model. However, our results support the idea (Abbott et al. 1999 ) that when food availability is low, animals competing for limited resources are more frequently in physical contact and therefore more likely to spread SNV throughout the population. Our data indicate that rodent density may be the primary driver for seroprevalence but also suggests that food availability (as indicated by arthropod biomass) may contribute to the seroprevalence rate within a rodent population.
Future studies should include more frequent within-year sampling and evaluation of the interaction of variables, such as use and availability of specific food source (both seeds and arthropods), quality of habitat, environmental stressors (sudden alterations in resource allocations, such as food supply), and individual animal health. Incorporating data on ecological variables with estimated predictions of rodent densities may ultimately provide a valuable tool to recognize when and where human outbreaks of hantavirus may occur.
